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INTRODUCTION
Powder x-ray diffraction with Cu-Ka radiation is a standard method of materials characterization in laboratories. By using the Cu-K~ radiation with the wavelength ~, of 1.54/~, the range of Q (=4rcsin0/E) space the diffraction measurement covers is limited to about 8/~-1, which corresponds to the d-spacings greater than 0.8 A. Most of simple structures are easily identified by such a study. When the structure is more complex and more information is needed the use of Mo-Ka radiation with ~, = 0.71 A extends the Q range up to 17 A 1, d-spacings down to 0.35 A. Rarely structural determination requires diffraction data beyond these limits. In fact the Rietveld powder refinement is usually terminated around Q = 12 A l, or d = 0.5 A, since usually the overlap of the Bragg peaks becomes more severe beyond this point. Thus in carrying out these measurements we consciously or unconsciously make an assumption that the Q space beyond these limits carries no relevant information, even though the diffraction intensity continues to vary with Q, up to large values of Q as shown in Fig. 1 . Such a luxury of discarding the data is usually permitted, since the crystal structure is specified only by a limited number of parameters, and if the position and the intensity of a certain number of independent Bragg peaks are determined, we have sufficient information to determine the crystal structure.
However, in a number of cases the crystal structure determined from the Bragg peaks does not accurately describe the true structure of the solid, but represents only the periodic average. They are the following cases:
When the crystal contains some randomness that affect the properties.
Even when the average structure is crystalline, in the alloys or mixed ion systems in which more than one kind of elements occupy the crystallographically equivalent sites, the local structure around each element is different. Such a local variation in the structure can be important for some of the properties. In this case the crystal structure only describes the average periodic structure. Local variation is reflected in the structure merely as large thermal amplitudes.
When the lattice dynamics is so anharmonic that atoms become locally displaced
Strictly speaking no crystal has a truly periodic structure, because of the lattice vibrations that introduce randomness. Even at T = 0 K, zero-point lattice vibration keeps all the atoms moving around the lattice sites. However, these atomic vibra- tions can be described well by the Debye-Waller factor, as long as the vibrations are harmonic. But if the lattice vibration is strongly anharmonic and the local potential for an atom becomes double-well, Debye-Waller factor can no longer describe these local modes of vibrations. An example is the local structural fluctuation associated with the structural transition. Even before the whole structure undergoes a transition the local structure can already show changes in the short range order. For instance local lattice polarization may occur before the ferroelectric transition takes place (1, 2) . When the coupling between the lattice and charge is very strong, local states such as polarons are formed, breaking the local symmetry before the total symmetry is broken (3,4).
When the unit cell is so large and contains a large number of atoms.
Even when the structure is fully periodic, if the unit cell is so large and contains a large number of atoms the reliability of the atomic positions determined by crystallographic analysis becomes questionable. Compared to the high accuracy of the lattice constants determined by diffraction the atomic positions are much less accurately known. Diffraction data from high-Q space often provide crucial information on the local structure that complements the crystallographic analysis.
The range of the Q-space in which useful information is stored can be estimated by the Debye-Waller approximation. A rule of thumb is that if Q is beyond 3 a of the Debye-Waller envelope variations in the diffraction intensity are suppressed by the Debye-Waller factor (5). This means, Qm~x = 3/<2u 2>u2 (1) where u is the r.m.s, amplitude of lattice vibration. For u = 0.04 ]1 that corresponds to the zero-point amplitude of a relatively strong covalent bond, Qm~x is 53 ]1-1. Therefore, while Q~ of 30 -40 ]1-1 may be sufficient in describing soft metals or Van der Waals bonds, a larger Q space up to 50 ~ 70 ]1-1 needs to be explored in order to describe covalently bonded materials with sufficient accuracy. In the discussions to follow we define the Q range of 20 -70 ]k -1 as high-Q space.
METHODS OF OBTAINING HIGH-Q DATA
Principal methods of obtaining the diffraction data in high-Q space are the following: 1. High energy (pulsed) neutron scattering. 2. XAFS. 3. Electron diffraction. 4. High-energy x-ray scattering.
* High energy (pulsed) neutron scattering
Since thermal neutrons of room temperature have the wavelength of about 2/~, the Q space probed using room temperature neutrons is limited to about 6/~-1. In order to probe high-Q space neutrons with higher energy are necessary. Such high energy (hot) neutrons can be attained from a high temperature moderator (presently available only at the Institut-LaueLangevin, Grenoble) or as epithermal neutrons from a radial source or pulsed neutron source. The data shown in Fig. 1 were obtained at the Intense Pulsed Neutron Source (IPNS) of the Argonne National Laboratory. A similar facility is available at the Los Alamos National Laboratory (LANSCE).
Since the neutron scattering length is not proportional to the atomic number Z, neutron scattering is a useful tool to study systems containing light elements such as oxides. In the last decade the Egami group at Penn carried out a large number of diffraction measurements on oxides using pulsed neutron sources as we describe later. For a typical powder diffraction measurement a powder weighing about 15 gram is needed. While a pulsed neutron source provides high energy neutrons sufficient to determine the diffraction intensity up to 40/~-1 or so, the counting statistics becomes worse quickly beyond this with the spectrometers currently available at the IPNS or LANSCE. Since the energy of neutrons is proportional to Q2 at a constant scattering angle, the spectral intensity goes down quickly if one tries to go beyond 40 A-1.
* XAFS
X-ray absorption fine structure (XAFS) spectroscopy is a very popular method of local structural study. The high-Q diffraction data are obtained as the EXAFS, oscillations in the absorption coefficient with energy above the absorption edge. While this is a relatively easy method of measurement with a synchrotron source, the data processing is complex because of the phase-shifts, multiple scattering and inelastic scattering. The method gives only the nearest neighbor distance with some accuracy, and perhaps the second neighbor distance, but intermediate range order cannot be probed by this method. The coordination number and the amplitude of lattice vibration can also be deduced, but they are strongly model dependent. In addition, the Q range obtainable by XAFS is not sufficiently large. Just as the neutron scattering the energy of the photoelectrons emitted by x-rays is proportional to Q2, and the period of oscillation in x-ray energy is proportional to Q. Thus beyond k -15/~-1, or Q -30/~-1 the data become too noisy to analyze.
* Electron diffraction
In principle high-Q data can be obtained also by electron diffraction. However, a large aperture needs to be used, and since the Ewald-sphere deviates from the plane at high-Q the analysis is not simple. Furthermore quantitative accuracy of electron diffraction does not compare well against neutron and x-ray scattering measurements.
* High-energy x-ray scattering
High energy synchrotron sources such as CHESS and APS provide intense high-energy x-rays (20 ~ 100 keV) suitable for high-Q diffraction measurement. Unlike neutron scattering (< 40 A a) or XAFS (< 30 ]k 1) x-ray scattering can easily reach high-Q space even beyond 100/~-1 without significant degradation of the data quality. Such a high Q cut-off translates to a very high real space resolution. As we show below spatial resolution of 0.01/~ or better can be achieved by high energy x-ray diffraction. Also, since absorption becomes very small at such high x-ray energies, it is easier to create a special environment, such as high and low temperature and high pressure. While this technique is at its infancy its future is quite bright.
METHOD OF EXTRACTING INFORMATION
The data obtained from such a high-Q space cannot be readily processed by the conventional crystallographic methods of analysis. In powder diffraction the Bragg peaks severely overlap at high-Q values, making indexing impossible. In order to collect data over a wide Q space the Q resolution has to be sacrificed, so that a detailed Q dependence study is difficult. An easiest, while certainly not exclusive, way of extracting information from the vast amount of high-Q data is to apply a Fouriertransformation and obtain the atom-atom correlation function. The atomic pair-density function (PDF) can be obtained by 1 (2) where S(Q) is the normalized diffraction intensity (structure function) and P0 is the number density of atoms. Since S(Q) can be determined only up to less than 4rd~, as we mentioned, if a long wave probe is used the integration above has to be terminated prematurely, resulting in spurious oscillations called termination error. The Q range we discussed above corresponds to the range of integration in (2). The criterion is that at Qmax the integrand of (2) is very small compared to unity so that the termination there does not introduce errors in integration.
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Experimentally S(Q) is determined by a powder diffraction measurement, subtracting the measured background rather than the fitted background as in many crystallographic analysis, and making necessary corrections for absorption and multiple-scattering. In the case of x-ray scattering Compton scattering has to be separated or subtracted, and the coherent scattering intensity has to be divided by the square of the atomic scattering factor, f(Q)2. Thus S(Q) includes both Bragg peaks and diffuse scattering, and therefore the PDF can describe periodic as well as aperiodic structures. For this reason the PDF analysis has widely been used in the structural studies of liquids and glasses. It is also quite useful in describing the atomic correlations in crystals that include aperiodic atomic displacements. Pulsed neutron PDF analysis has been very effective in observing local oxygen displacements in high-Tc cuprates (6,7), lattice polaron formation in manganites that show colossal magnetoresistance (CMR) (3, 4) , local lattice distortion in relaxor ferroelectrics (8, 9) , and nano-scale structure in catalytic support oxides (10).
HIGH ENERGY X-RAY SCATTERING
High intensity high-energy x-rays can be obtained from a high-energy synchrotron or a wiggler insertion device. The setup is the same as the regular powder diffraction experiment, but because of low absorption very heavy shielding is necessary everywhere to eliminate stray radiation, making the alignment procedure non-trivial. An intrinsic Ge solid state detector can be used in separating the Compton scattering intensity. Fig. 3 shows an example of the elastic scattering intensity I(Q) deter-mined over a wide range of Q. The measurement was recently carried out at the A-2 wiggler beamline of CHESS of Cornell University. The sample studied was a one-dimensional organic compound [Pt(en)212][Pt(en)2](C104)4, where en is 1,2-diaminoethane. This compound is one of the so-called MX solids that shows a strong charge density wave (CDW) due to Peierls distortion (11) . Since Pt and I are the only heavy elements in the system x-ray scattering is presumed to be a powerful tool to describe the CDW set up by Pt and I. At high-Q the structure in I(Q) dies down quickly (inset) and it appears that no information is stored in the data.
However, from the point of view of the PDF analysis the relevant quantity that carry information is the integrand of eq. (2), i(Q) = Q[S(Q) -1]. In order to obtain i(Q), I(Q) has to be corrected for absorption and multiple-scattering, divided through f(Q)2 and multiplied by Q. Since the intensity of multiple-scattering is high and the calculated values of f(Q) may not be so reliable at high Q, this is a non-trivial process. Instead, as a preliminary process we just smoothed the data over a wide range, and normalized the data by the smoothed curve. The result, shown in Fig. 4 , clearly demonstrates that the oscillations persist up to large values of Q. This approximate i(Q) was used in eq. (2) to obtain the preliminary PDF shown in Fig. 5 . The double peaks at 2.7 and 3.1 ~k are due to Pt-I distances, split into two due to the CDW. High resolution of the PDF, of the order of 0.01/~ or better, is obvious. Thus even at this preliminary stage the PDF gives a clear picture of the local structure. The study of temperature dependence is expected to provide insights regarding the nature of phase transitions in this complex system. This example demonstrates that high-energy x-ray scattering is a powerful and unique tool to probe a portion of the Q-space with high Q values.
CONCLUSION
Most of the diffraction measurements are carried out in the Q-space below 12/~-1, with an implicit assumption that the region of the Q-space beyond carries no relevant information. This assumption is valid for perfect crystals with a relatively simple structure, but it breaks down when the crystal contains some structural disorder. In such a case information concerning the short range atomic structure is contained in the high-Q space. High-energy x-ray or neutron scattering and XAFS measurements are capable of extracting information stored in high-Q space. Among them high-energy x-ray scattering is most promising in reaching very high Q values. Neutron scattering and XAFS are in practice limited to Q limits of 40 and 30/~-i, respectively, while x-ray scattering can probe the Q-space even beyond 100/~-1. In spite of some difficulties associated with working with high energy x-rays, high-energy x-ray scattering is likely to become a powerful and unique tool in the study of local structure.
